A coding/decoding setup for a spectral phase encoding optical code-division multiple access (SPE-OCDMA) system has been developed. The proposal is based on the temporal self-imaging effect and the use of an easily tunable electrooptic phase modulator to achieve line-by-line coding of the transmitted signal, thus assuring compatibility with WDM techniques. Modulation of the code is performed at the same rate as the data, avoiding the use of high-bandwidth electro-optic modulators. As proof of concept of the technique, experimental results are presented for a back-to-back coder/decoder setup transmitting a 10 GHz unmodulated optical pulse train within an 80 GHz optical window and using 8- Another major goal in OCDMA systems is to attain spectral efficiency by reducing the bandwidth transmitted to a certain spectral window and thus guarantee compatibility with WDM systems. To achieve this, reduction of the bandwidth occupied by the transmitted signal is mandatory, and it can be obtained by reducing the spectral width of the different frequency bins so that each one contains only one spectral line. This way, each chip of the code word is associated to an individual spectral line of the incoming pulses and is obtained by employing a line-by-line modulation scheme [6] . Some proposals addressing this objective have been made based on diverse high-resolution filtering techniques, such as microring resonators [7] or volume optics [8] .
Optical code-division multiple access (OCDMA) [1] has generated an increasing interest for applications in highbandwidth access networks. Among many different approaches, spectral-phase-encoded OCDMA (SPE-OCDMA) [2] has gained special attention through its successful application as an efficient communication system in metropolitan access networks [3] . This technique is based on the assignment of a predetermined group of phase shifts to the different frequency bins of an ultrashort optical pulse. A different code that specifies the phase shifts is assigned to each user, requiring the application of the complementary code at the receiver to recover the original information. Several proposals have been made based on this technique using different technologies, such as volume optics [2] , arrayed waveguide gratings [3] , or fiber-dispersive elements [4, 5] .
Another major goal in OCDMA systems is to attain spectral efficiency by reducing the bandwidth transmitted to a certain spectral window and thus guarantee compatibility with WDM systems. To achieve this, reduction of the bandwidth occupied by the transmitted signal is mandatory, and it can be obtained by reducing the spectral width of the different frequency bins so that each one contains only one spectral line. This way, each chip of the code word is associated to an individual spectral line of the incoming pulses and is obtained by employing a line-by-line modulation scheme [6] . Some proposals addressing this objective have been made based on diverse high-resolution filtering techniques, such as microring resonators [7] or volume optics [8] .
In this Letter, a scheme for an SPE-OCDMA system based on the use of the temporal self-imaging effect on fiber [9] is presented. As in other dispersion-based systems [4, 5] , incorporating the codes with an electro-optic modulator enables their rapid reconfiguration. However, unlike with other techniques, the use of the self-imaging effect allows the individual line-by-line coding of the transmitted signal, making possible the simultaneous transmission of WDM and OCDMA signals within the same optical fiber. Furthermore, the speed at which the code is imposed using the modulator is the same as the data rate, avoiding the use of high-bandwidth modulators.
The proposed setup for the network can be seen in A pulsed source is used to generate a train of ultrashort optical pulses at a fixed repetition rate T 0 . Data are modulated at this rate to the train in an on-off keying scheme with an intensity modulator, obtaining at its output the train of pulses shown in Fig. 2(A) . The resulting signal is passed through a linearly chirped fiber Bragg Fig. 1 . OCDMA network scheme for the proposed setup with K users. The upper branch of user I (green) corresponds to the transmitter and the lower branch (red) to the receiver. Code J is used at the transmitter to communicate with user J, while code I Ã is used at the receiver to decode the information (MLL, modelocked laser; PC, polarization controller; LC-FBG, linearly chirped fiber Bragg grating).
grating (LC-FBG) that filters the signal to reduce the spectrum to only N spectral lines, N being the number of chips of the code. The LC-FBG also applies a chromatic dispersion [D ¼ T 2 0 =ð2πÞ] that was selected to achieve a first-order temporal self-imaging effect [9] . As a result, the output signal is another train of pulses with the same repetition rate as the original, T 0 , and with a temporal broadening in the individual pulses due to the filtering applied, as depicted in Fig. 2(B) . The spectral components of each of the input pulses to the LC-FBG (represented with the same color in Fig. 2 ) experience different delays owing to the chromatic dispersion introduced by the grating. The value of that dispersion is chosen so that each of those spectral lines appears at the LC-FBG output in a different bit. Hence, as seen in Fig. 2(B) , in each bit at the LC-FBG output, a new pulse is formed by combining spectral components from different pulses of the input (different colors in Fig. 2) . For the coding, these new pulses are phase modulated by an electro-optic modulator so that a chip of the code word is introduced in each bit. This means that the rate at which the modulator is driven is the same as the data rate, T 0 . However, the spectral lines coming from the same input pulse (same color in the figure) are coded with different phase shifts, that is, different chips, since they are placed in different bits [see Fig. 2(C) ]. Once the phase shifts are introduced, a new temporal reordering is produced by a second LC-FBG with a dispersion chosen in order to make all the spectral lines of the same pulse at the coder input (same color) to coincide again in the same bit, as represented in Fig. 2(D) . As a result of this, each spectral line of one of the output pulses acquires a different phase shift [ Fig. 2(D) ], resulting in an SPE-OCDMA signal that is transmitted to the network.
To decode the signal, the procedure to be followed is analogous to the one used in the coder but applying the complementary code, as can be seen in the lower branch of Fig. 1 . If an incorrect code is used, the phases shifts applied to the signal are not removed, resulting in a noisy signal spread along the bit period at the output of the decoder. This signal is recognized as an interfering noise, and it can be removed by introducing an optical time gate [8, 10] . However, when the correct code is used, the phase shifts are removed, producing the recompression of the pulse at the center of the bit period and enabling the recovery of the information transmitted.
To experimentally verify the proposed configuration, the system was set up in the laboratory. The source used was a Calmar mode-locked laser with a frequency repetition rate of 10 GHz and a pulse width of approximately 5 ps. For simplicity, no data were modulated to the train of pulses. Figure 3 shows the power spectrum and eye diagram for the attenuated output of the laser. The amplitude responses of the LC-FBGs used in the setup had an FWHM bandwidth of 0:7 nm, which limited the number of spectral lines to eight and therefore the length of the codes to N ¼ 8. To obtain the required reordering of the spectral components, the dispersion slope of the gratings was AED ¼ AE1590 ps 2 . The codes used were a subset of the Hadamard family and were imposed using an electro-optic phase modulator driven by a code generator at 10 Gbps. To verify the correct decoding of the pulses, a back-to-back configuration was used, analyzing the resulting signals with a photodiode and sampling scope with a 65 GHz bandwidth. An erbium-doped fiber amplifier was used between the coder and the decoder to partially compensate the losses of the system.
The measured signals at the output of the coder are shown in Fig. 4 . As it can be observed, the spectrum of the coded signal [ Fig. 4(a) ] is band limited to eight spectral lines by the filtering applied, which corresponds to a bandwidth of approximately 0:7 nm. The eye diagrams resulting from the application of codes 10101100, 10101010, and 11010010 are presented in Figs. 4(b)-4(d). As expected, they no longer correspond to a train of pulses but to a noisy signal spread along the bit period, depending on the specific code applied in each case. Figure 5 shows the eye diagrams at the output of the system when the signal has been coded using the code 10101010 [ Fig. 4(c) ]. As can be seen, only when the complementary code is used [ Fig. 5(a) ] is the signal correctly decoded, producing a recompression of the pulses transmitted at the center of the bit period and allowing its correct detection. Because of the encoding/decoding process, there is degradation in the detected signal when compared to the MLL output. Estimations based on the eye diagrams from Fig. 3(b) and Fig. 5(a) show a power penalty in the Q factor of 6 dB. On the other hand, when an incorrect code is used [Figs. 5(b)-5(d)], the decoded signal is spread along the bit period, rendering the recovery of transmitted information impossible. If more than one user is transmitting simultaneously, the detected signal is the combination of the signals, degrading further the quality of the received eye. This interference, usually known as multiuser access interference, is the main cause of system performance limitation in all OCDMA systems. However, in our case, as can be observed from the figures, most of the interfering signal is in the sides of the bit period, making recovery of the information possible by means of techniques for its removal that have already been proven in other schemes, such as optical time gating or optical thresholding [8, 10] .
To summarize, an SPE-OCDMA coder/decoder based on the temporal self-imaging effect has been proposed. A proof of concept has been given by the experimental transmission of an unmodulated train of pulses with a 10 GHz repetition rate. The coding and decoding are introduced by an electro-optic phase modulator driven by a 10 Gbps code, chosen as a subset of the Hadamard codes with a length of eight chips. The use of this electro-optic element at the decoder requires a strict control of the polarization at its input so that the the signal is correctly phase modulated. Otherwise the quality of the received signal could be compromised, resulting in an increased bit-error rate. The system is completely integrated in fiber, avoiding problems inherent in other proposed schemes, such as temperature control or the requirement for high-bandwidth electro-optic modulators. The use of line-by-line modulation permits also the simultaneous transmission of WDM signals within the fiber, as the spectrum is band limited to 0:7 nm.
